Patient-ventilator synchrony is a common problem with all patients actively triggering the mechanical ventilator. In many cases synchrony can be improved by vigilant adjustments by the managing clinician. However, in most institutions clinicians are not able to spend the time necessary to ensure synchrony in all patients. Proportional assist ventilation (PAV) and neurally adjusted ventilatory assist (NAVA) were both developed to improve patient-ventilator synchrony by proportionally unloading ventilatory effort and turning control of the ventilatory pattern over to the patient. This paper discusses PAV's and NAVA's theory of operation, general process of application, and the supporting literature.
Introduction
One of the most challenging aspects of mechanical ventilation is the application of positive pressure to patients who are actively breathing. 1 As discussed in other papers from this conference, patient-ventilator asynchrony is a very common problem. 2, 3 Ventilator manufacturers have developed new ventilation modes that target both pressure and volume and have added adjuncts to pressure-targeted ventilation that are designed to improve synchrony: rise time and breath-termination (ie, cycle) criteria. 4 Some ventilator manufacturers have tried to automate these functions to ensure that gas delivery changes as patient demand changes, 4 but despite these new options, asynchrony is still a major problem.
In the United States 2 new modes of ventilatory support were recently introduced: proportional assist ventilation (PAV) 5 and neurally adjusted ventilatory support (NAVA). 6 Both of these modes are designed to improve patient-ventilator synchrony. 7 Although each controls gas delivery by a different method, both are designed primarily to respond to changes in the patient's ventilatory demand and to decrease patient effort. 7 PAV is controlled by changes in the patient's work of breathing, 5 and NAVA is controlled by changes in the electromyographic (EMG) activity of the diaphragm. 6 It is critical to understand that with both PAV and NAVA the clinician does not set pressure, flow, volume or time: all those variables are under the complete control of the patient. Essentially, the ventilator proportionally unloads patient effort, in both PAV and NAVA, based on the setting of ventilator work: proportion (%) unloaded by the ventilator (PAV), or cm H 2 O pressure applied per millivolt of diaphragmatic EMG activity (NAVA). 7 
Theory of Operation
The pressure needed to ventilate can be totally provided by the patient, totally provided by the ventilator, or shared between the patient and the ventilator. Both PAV and NAVA are designed to ensure that the ventilating pressure (ie, work) is shared between the patient and ventilator in a manner intended to maximize synchrony. Both PAV and NAVA directly respond to the patient's ventilatory demand by providing either proportional unloading of work of breathing (PAV) or proportional unloading of the electrical activity of the diaphragm (NAVA). 7 In both cases the actual ventilatory pattern assumed by the patient is totally controlled by the patient.
Proportional Assist Ventilation
The underling theory of operation for PAV is based on the equation of motion: P total ϭ (V) (E) ϩ (V ) (R) (1) which states that the total pressure required to ventilate (P total ) is equal to tidal volume (V) times elastance (E) plus flow (V ) times airways resistance (R). As noted above, in patients who are actively participating in ventilatory support P total equals patient-generated muscular effort or pressure (P mus ) plus ventilator-generated pressure (P vent ), so the equation of motion can be rewritten as:
All of today's ventilators can easily measure flow and thus can calculate volume on a moment-to-moment basis. 4 The problem is to measure, in an ongoing manner, the R and E of the respiratory system. Some ventilator manufacturers have interposed an end-inspiratory pause of about 300 ms every 8 to 15 breaths, and from those measurements during those pauses they estimate the R and E. 8 Others manufacturers have defined a process for the one-time estimation of R and E, at the time PAV is initiated. Assuming that can be done accurately, the only variable in equation 1 that is not either directly measured or calculated is P total. Thus, the ventilator can calculate the pressure needed, at any given moment, to provide ventilation. If the clinician has set PAV at 60%, the ventilator would provide 60% of the calculated pressure, the remaining pressure being left to the patient to generate. That is, on a breath-to-breath basis the ventilator applies the calculated amount of pressure needed to meet the flow and volume demand of the patient based on the set PAV percentage, leaving the remaining work to the patient. Exhalation occurs when flow decreases to a preset level. Additionally, as the patient's lung mechanics change, those ventilators that automatically measure R and E can adjust the amount of pressure needed to maintain the set PAV percentage. Specifically, PAV improves patient-ventilator synchrony during the onset of inspiration, by matching the patient's inspiratory demand. That is, there is no limit to flow delivery, the ventilator responds to the patient's demand up to the capabilities of the ventilator, regardless of the PAV setting. This differs from pressure ventilation, in which flow will decelerate when airway pressure meets the target level. In PAV there is no pressure target; pressure will increase, as will flow, as patient demand increases. Cycling is improved because the ventilator adjusts flow during the end of inspiration the same as it does during the onset. Thus, as patient effort starts to decrease, flow delivery decreases, and when flow decreases to the cycling criterion, the ventilator transitions to exhalation. However, triggering is not directly improved with PAV, compared to conventional ventilation. The patient still has to generate sufficient flow to trigger the ventilator. However, as discussed later, conventional modes may force a larger tidal volume than normal, causing air trapping and thus increasing the number of missed triggers.
Neurally Adjusted Ventilatory Assist
NAVA accomplishes the same goals as PAV but utilizes measurement of the diaphragmatic EMG signal to control gas delivery. 6 This is accomplished by the placement of a specifically designed nasogastric tube that has a series of EMG electrodes near its distal end, positioned across the diaphragm. As illustrated in Figure 1 , supporting ventilation based on the diaphragmatic EMG signal should greatly improve the response of the ventilator and synchrony, since the signal recognized is high up on the neural pathway controlling ventilation. 7 What is set by the clinician is the pressure applied for each millivolt of EMG activity. Thus, similar to PAV, a portion of the ventilatory effort is proportionally provided by the ventilator, and the remainder by the patient. As EMG activity increases, pressure is applied during the inspiratory phase, and as the diaphragm relaxes, airway pressure decreases. Inspiration ends at a specific percentage of the peak EMG activity. Contrary to PAV, NAVA greatly improves triggering, since gas delivery begins when the diaphragm is simulated, not as a result of flow in the airway. Thus, even in the presence of severe air trapping or large system leaks, triggering is not compromised.
PAV and NAVA Versus Traditional Gas Delivery
Figure 2 nicely illustrates the relationship between and the patient's effort or work of breathing and the ventilator pressure during various ventilation modes. 1 During a specific breath, with all forms of volume ventilation there is an indirect relationship between patient effort (P mus ) and the pressure applied by the ventilator. Essentially, the more work assumed by the patient, the less work applied by the ventilator. This relationship creates difficult problems regarding synchrony, which can easily be illustrated with a lung model with proper setting of inspiratory demand. If demand is high and the lung model tidal volume is greater than the ventilator set tidal volume, no pressure above baseline will be applied to the lung.
In pressure-targeted ventilation, regardless of mode, ventilator work or applied pressure should be independent of P mus . That is, during a specific breath, a constant pressure should be applied to the airway during inspiration, no matter how much work or P mus is generated by the patient. Of course, in patients with very high ventilatory demand, pressure may not be sustained since the ventilator may not always be able to meet patient flow demand.
In PAV and NAVA there is a direct relationship between the patient's effort (P mus ) and ventilator pressure. As the patient's effort increases, the pressure applied by the ventilator increases, and as patient effort decreases, the pressure applied by the ventilator decreases. This is because the patient has complete control over their ventilatory pattern, and the ventilator is simply responding to the patient demand. Thus, tidal volume and respiratory rate can vary considerably from breath to breath, as illustrated in Figure 3 . It is important again to remember that this variability is only under the control of the patient! What is essentially set in each of these modes is the slope of the curve representing the relationship between patient-generated and ventilator-generated pressure. That is, either a high ventilating pressure is applied for little patient effort, or a low ventilating pressure is applied for a high patient effort, or any settings in between.
Data Supporting the Use of PAV
Since PAV was first described in 1992, 5 many papers have addressed its use in various settings, including exercise, acute application in invasively and noninvasively ventilated patients, during sleep, and in neonates.
PAV in Exercise
Most of the data on PAV in exercise have been from patients with COPD, 9-13 but there are also data from volunteers, 14,15 and patients with idiopathic pulmonary fibrosis 16 and obesity. 17 In all the comparisons, regardless of the subjects' clinical status, PAV improved exercise capacity, compared to no support or to continuous positive airway pressure (CPAP) or pressure support ventilation (PSV). In 15 stable hypercapnic COPD patients undergoing 4 random endurance tests on a cycle ergometer at 80% of the patient's maximum work rate, PAV, PSV, and CPAP all increased endurance, compared to spontaneous breathing. However, the greatest increase was with PAV (P Ͻ .05). 10 Similarly, Dolmage et al 9 observed a doubling of exercise tolerance with PAV plus CPAP, versus sham, in 10 patients with severe but stable COPD (P Ͻ .05). In 10 patients with idiopathic pulmonary fibrosis, Moderno et al 16 reported that PAV doubled exercise tolerance, compared to CPAP and sham (P Ͻ .05). In 7 healthy volunteers at altitude, PAV reduced inspiratory pressure-time product to a greater extent than did PSV or sham (P Ͻ .05). The benefits of PAV, compared to PSV or CPAP, appear to be a direct result of PAV's ability to unload ventilatory work proportionally, regardless of the PAV setting or the load applied to the subject. However, the impact of PAV on synchrony during exercise is unknown.
PAV During Sleep
A number of groups have used PAV to evaluate quality of sleep in patients requiring ventilatory support 18 23 This seems to be in part a result of PSV driving a level of ventilation during sleep that is consistent with that awake, causing a relative hypocapnia and, in the absence of backup control ventilation, apnea. The apnea threshold is a P CO 2 change of 1.5-5.8 cm H 2 O. 21 Bosma et al studied PAV versus PSV during sleep in critically ill patients. 18 In 13 patients weaning from ventilatory support, PAV and PSV were applied randomly on subsequent nights. Each was set to unload 50% of patient work while awake. PAV was more effective in matching the patient's ventilatory requirements, and was associated with significantly less asynchrony and sleep disturbance (Table 1) . Specifically, PAV was better able to adjust to the patient's decreased ventilatory drive during sleep and resulted in fewer episodes of periodic breathing.
Critically Ill Pediatric Patients
Although current versions of PAV are not recommended for use in neonates in the United States, there have been comparisons of PAV to other approaches to ventilatory support in these patients. [24] [25] [26] [27] Schulze et al 24 randomly compared the physiologic efficacy and safety of PAV to pressure assist control ventilation and pressure synchronized intermittent mandatory ventilation in a series of 36 infants of birth weight 600 -1200 g. Compared to pressure assist control ventilation and pressure synchronized intermittent mandatory ventilation, PAV maintained similar gas exchange with lower airway pressure and transpulmonary pressure (P Ͻ .05), and the oxygenation index decreased 28% during PAV. PAV decreased thoracoabdominal asynchrony and chest-wall distortion, compared to CPAP, in a study by Musante et al, 25 with 10 preterm infants. This was accomplished with airway pressure increases of only 3.8 -7.6 cm H 2 O above CPAP settings. In a more recent study, Schulze et al 27 demonstrated that PAV, compared to pressure-targeted ventilation, reduced mean airway pressure and peak airway pressure without a change in gas exchange. Although these positive studies appear in the literature, PAV is currently not recommended for patients less than 20 kg. Part of this recommendation may be due to the inability of today's intensive-care ventilators to accurately measure lung mechanics in neonates. 28
Noninvasive Ventilation
Numerous studies have evaluated PAV during noninvasive ventilation. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Most of these comparisons were between PAV and PSV, 32-35,37-39 and in almost all of these comparisons the patients evaluated suffered from chronic respiratory failure and were in an exacerbation. The first randomized comparison between PAV and PSV enrolled 44 patients with COPD exacerbation. 32 This was a physiologic comparison; the small number of subjects prevented comparison of intubation rate, mortality, or stay, but the patients managed with PAV had a lower refusal rate, a more rapid reduction in respiratory rate, and fewer complications. Similar finding were reported by Wysocki et al, 34 Serra et al, 35 Fernández-Vivas et al, 37 and Winck et al. 38 In those studies gas exchange and respiratory pattern did not differ between PSV and PAV, but the PAV patients were more comfortable. PAV has also been shown to be essentially equivalent to PSV in stable patients with chronic ventilatory failure 33 and patients with acute cardiogenic pulmonary edema. 39 This lack of difference has not been fully explained, but it may be a result of all approaches to the application of noninvasive ventilation being compromised by the varying level of leak, which is still poorly compensated for by most ventilators. 40
Invasive Mechanical Ventilation
PAV has been most widely studied during invasive mechanical ventilation. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] As with the evaluation of PAV in other settings, most of the comparisons have focused on the physiologic response when PSV is changed to PAV. In general, during invasive ventilation the change from PSV to PAV results in lower tidal volume, more rapid respiratory rate, lower peak airway pressure, and lower mean airway pressure, without significant changes in gas exchange or hemodynamics. 41,44,45,48-53 A number of studies have evaluated the response of PSV and PAV to changes in the patient's lung mechanics. 43,45,51 Both Ranieri et al 43 and Grasso et al 45 found no difference in patient work and effort between PSV and PAV as ventilatory load was increased, contrary to the finding of Kondili et al. 51 The reason for this difference appears to be the ability of the PAV version used by Kondili to automatically assess lung elastance and resistance. In the Kondili 51 trial the ventilator was able to update these measurements every 8 -15 breaths, whereas the PAV version used by Ranieri 39 and Grasso 45 required input of lung mechanics at the onset of ventilation and required interruption of ventilation and clinician remeasurement of lung mechanics if the values were to change. The current ability of some PAV systems to automatically and ongoingly measure lung mechanics ensures PAV's ability to consistently unload lung mechanics when changes occur in the patient's condition.
The best long-term evaluation of PAV versus PSV randomized their application for a 48-hour period in a series of critically ill patients. 53 Patients randomized had to be on controlled mechanical ventilation for 36-hours, and had to be able to trigger the ventilator and maintain a minute volume of Ͼ 10/min and a P aO 2 of Ͼ 60 mm Hg and a pH Ͼ 7.30 on an F IO 2 of Ͻ 0.65 and a total PEEP of Ͻ 15 cm H 2 O. In addition, the patients could not have severe hemodynamic instability, severe 51 who compared the impact of different levels of PAV and PSV in a series of 14 ventilator-dependent patients. They found that at the minimum PAV and PSV levels no differences existed between the 2 modes. However, as the level of support for each mode increased, asynchrony increased. At the maximum settings, trigger asynchrony was markedly different: the ventilator response rate with PAV was 27.6 Ϯ 10.5/min, versus 13.2 ϩ 3.9/min with PSV (P Ͻ .05). The primary reason for the asynchrony was missed triggers. This difference was a result of PSV forcing a larger tidal volume (0.9 ϩ 0.3 L) than PAV (0.51 ϩ 0.16 L), which caused air trapping and prevented normal triggering. Trigger synchrony is generally better in PAV because a large tidal volume is not forced on the patient. The current data on PAV essentially indicate it can sustain the same patients as PSV: those who can breathe spontaneously and manage their ventilatory drive normally. In addition, PAV can better adjust to changing lung mechanics and provide better synchrony than PSV. However, PAV, like all other conventional forms of ventilation, cannot compensate for nor overcome the effects of intrinsic PEEP. The asynchrony observed with intrinsic PEEP during conventional ventilation is still present in PAV. In addition, the PAV on some ventilators (but not on others) can compensate for leaks, so before use the ventilator's operational capabilities must be careful evaluated.
Neurally Adjusted Ventilatory Support
As discussed above, PAV and NAVA are essentially designed to accomplish the exact same goals, but via different mechanisms: PAV via ongoing assessment of lung mechanics and work of breathing, and NAVA via continuous diaphragmatic EMG.
Animal Data
In 3-kg rabbits, Allo et al 56 found that NAVA could effectively unload respiratory muscles without increasing tidal volume. NAVA, compared to PSV, also decreased diaphragm electrical activity and transdiaphragmatic pressure-time product (P Ͻ .05) in lung-injured rabbits, 57 and reduced the incidence and severity of ventilator-induced lung injury in rabbits. 58 However, similar to studies with other ventilation modes, the rabbits in the conventionalventilation arm were ventilated with volume-controlled ventilation and tidal volumes of 15 mL/kg. Tidal volumes during NAVA were about 5.5 mL/kg. In lung-injured rabbits, NAVA can be delivered noninvasively as effectively as in intubated rabbits despite large and varying leaks. 59 
Critically Ill Adults
A number of investigators have studied NAVA in critically ill adults. [60] [61] [62] [63] [64] [65] [66] In a series of 15 adult critically ill patients, all with a P aO 2 /F IO 2 Ͻ 300 mm Hg, Brander et al determined an "adequate" level of NAVA. 60 Adequate NAVA was identified by the slope change in airway pressure and tidal volume curves as NAVA was increased. The NAVA level that caused a slope decrease of the airwaypressure and tidal-volume curves was considered adequate. This physiologic response was compared to the response at lower (NAVA-low) and higher (NAVA-high) levels. At NAVA-adequate the medium esophageal pressure-time product and diaphragmatic EMG were decreased 47%, compared to NAVA-low. At NAVA-high those variables were reduced by 74%. Ventilatory parameters during the subsequent 3-hour follow-up period were the same on average as during titration: tidal volume 5.9 mL/kg and respiratory rate 29 breaths/min. Gas exchange and hemodynamics remained unchanged.
Colombo et al 63 and Spahija et al 65 compared NAVA to PSV in series of critically ill patients. Colombo matched the setting during NAVA and PSV by adjusting both to produce a tidal volume of 6 -8 mL/kg. They compared NAVA and PSV at these settings and at settings 50% higher and 50% lower. At the initial and lowest settings they found no differences in gas exchange, ventilatory pattern, ventilatory assistance, or respiratory drive between the modes. But at the highest settings, tidal volume significantly increased, and ventilator response rate and peak diaphragmatic EMG significantly decreased during PSV, resulting in air trapping and cycling asynchrony. The asynchrony index was greater than 10% in 5 of the 6 patients studied during PSV, and in zero patients during NAVA. They concluded that even at the high settings NAVA avoided over-assisting, compared to PSV, by avoiding air trapping and cycling asynchrony.
Spahija et al 65 reported similar finding in a series of 12 patients with COPD exacerbation. They evaluated 2 PSV and NAVA levels: for PSV the lowest pressure tolerated and that level plus 7 cm H 2 O; for NAVA the settings resulting in the same average peak pressures. At the lowest settings there were no differences, but at the highest setting tidal volumes were greater and ventilator response rates lower with PSV. The asynchrony index at the highest setting was 23 Ϯ 12% of breaths during PSV, but only 7 Ϯ 2% during NAVA (P Ͻ .05). Spahija et al cited air trapping as the cause of the cycling asynchrony during PSV.
The effect of PEEP titration during NAVA was recently reported by Passath et al, 66 in a series of 20 patients, only one of whom had acute respiratory distress syndrome. Passath et al first adjusted NAVA to an adequate level, as previously defined, 56 then titrated the PEEP up and down and evaluated the effect on respiratory drive. At adequate NAVA levels, increasing the PEEP reduced the ventilatory drive, and monitoring tidal volume divided by diaphragmatic EMG during PEEP changes identified the PEEP level at which tidal breathing occurs at a minimal EMG cost.
Neonatal Application
In neonates, NAVA has shown similar outcomes to those observed in adults. [67] [68] [69] After the change to NAVA, tidal volume tends to decrease, respiratory rate to increase, and peak diaphragmatic EMG to decrease. In addition, despite the open ventilating system, triggering and cycling were still primarily neurally activated. Beck et al 67 reported that in 936-g, 26-week neonates there were no significant differences between triggering and cycling delays during invasive and noninvasive NAVA. Bengtsson et al 68 found, in a series of 21 mechanically ventilated children, ages 2 days to 15 years, that neural triggering occurred 68% of the time, and neural cycling 88% of the time. NAVA has only been available for about 18th months, so the literature on its effectiveness is limited, compared to PAV, and essentially no outcome data exist for either PAV or NAVA.
PAV Versus NAVA
As stated at the onset of this paper, PAV and NAVA are designed to achieve the same overall outcome, that is patient-driven ventilatory assist applied with improved patient-ventilator synchrony. Both modes are capable of achieving the goal, but there are some differences (Table 2). They manage ventilatory assist using different variables. PAV does not require additional hardware; NAVA requires the placement of a special nasogastric tube. NAVA can be used for invasive and noninvasive ventilation; PAV also can be used invasively and noninvasively, but is not available for both applications on all ventilators. NAVA can be applied to patients of any age group: premature neonates to adults, PAV is reserved for patients Ͼ 20 kg. NAVA is not affected by leaks or intrinsic PEEP, since its function is based on diaphragm EMG signals. PAV is unable to adjust to intrinsic PEEP. In the presence of intrinsic PEEP, PAV functions the same as any other mode. Both PAV and NAVA improve patient-ventilator synchrony, but further study of both is needed to determine if either improves patient outcomes.
When to Use PAV and NAVA
Both PAV and NAVA are considered safe in patients who have intact ventilatory drive, so any patient who can be effectively managed with PSV can be effectively managed with PAV or NAVA. However, where PAV and NAVA may have an advantage over conventional modes is still unclear. Based on the limited data available, PAV and NAVA would be useful in any patient who has substantial asynchrony. In addition, PAV and NAVA can compensate for leaks, so use in neonates and pediatric patients with uncuffed airways may be an ideal indication. Finally, patients with chronic respiratory failure, all of whom have high levels of asynchrony, especially if ventilated longterm, may benefit from PAV or NAVA.
Neither PAV nor NAVA would seem particularly useful in patients requiring short-term ventilation, and no data are available on PAV and NAVA in surgical patients, probably because their ventilatory course is usually short and uncomplicated. Obviously, any patient who requires substantial sedation or has marked hemodynamic compromise would not be appropriate for PAV or NAVA.
Summary
Both PAV and NAVA improve patient-ventilator synchrony and allow the patient to establish a ventilatory pattern consistent with the patient's ventilatory demands. In general, this leads to a more rapid and shallow breathing pattern than is selected by clinicians. Part of the difficulty in clinicians' accepting PAV and NAVA is the fact that it is the patient that controls their own ventilatory patternnot the clinician. Additional data are needed before indications for PAV and NAVA can be clearly defined and we determine if PAV or NAVA have any outcome benefit. 
Discussion
MacIntyre: You seemed to downplay what I thought was the fundamental difference between PAV and NAVA, which is in the triggering process. If you're cycling off of an EMG signal, you'll have a much more sensitive and responsive cycle than if you're cycling off of an airway-circuit signal. Am I missing something? It seems that's the fundamental difference between PAV and NAVA.
Kacmarek:
We have no head-tohead comparison between the two. Theoretically, that should be the case. Auto-PEEP creates a problem for PAV, but if auto-PEEP isn't present and we're not forcing a pattern that increases the probability of air-trapping in somebody without chronic lung disease, we should not see a significant difference in trigger response. The results of the comparisons with pressure-support, although not perfect, clearly indicated a marked reduction in the number of missed triggers when PAV was compared to pressure-support. With NAVA, some 60% of the time it's a neural trigger, but some 30% of the time it's still a pneumatic trigger that is activated as the patient inspires. Neil, you may well be right, but I don't know of any data to support it except for the patient with auto-PEEP at baseline-a patient with chronic pulmonary disease. If we eliminate patients with chronic pulmonary disease, my guess is that triggering with PAV and NAVA is probably relatively similar. A wellfunctioning ventilator responds in about 60-80 milliseconds. With NAVA you'd expect trigger response to be reduced to somewhere in the range of 10-20 milliseconds. Whether that difference has a clinical impact in patients without auto-PEEP is unknown.
Younes:* For any trigger you have to choose a threshold: you can't just say any time you see an increase in E di [electrical activity of the diaphragm] or in this or that, go ahead and trigger. I'm very surprised to see that 30% of the breaths are not triggered by NAVA, because if NAVA doesn't trigger on a breath it means that the whole rising phase was missed. Not just the beginning of it: the whole amplitude. So I'm concluding that you have to set the threshold so high because of the noise at baseline.
There's not a lot of NAVA trials, but these trials indicate the same thing: that 60 -70% of the inspiratory efforts are E di -triggered.
Younes: But missing the whole breath?
Kacmarek: If the breath is not triggered by E di activity, it is triggered by a pneumatic trigger, similar to all other modes.
Younes:
With respect to the auto-PEEP, however, I fully agree with you. In patients who have a lot of auto-PEEP it may be a problem ventilating them with PAV. But not all auto-PEEP is a problem: it has to be a pretty substantial auto-PEEP, like 7-10 cm H 2 O in a patient who cannot generate much pressure because of muscle weakness. And with PAV you know P mus [inspiratory muscle pressure] and you can trigger off the P mus . You don't need to wait until the flow goes over zero; it's just that ventilator companies haven't done it, but the mechanism is there to do it.
Kacmarek: I'd agree with you theoretically, but there are no data to imply that the trigger will be better if there is no auto-PEEP.
Epstein: Yesterday morning Bill
[Hurford] raised the issue that we hadn't talked much about the airways. We now have data that endotracheal tubes are often a lot narrower than you think they are, based on what they look like in the package, and I wonder if that would create the same problem in triggering that NAVA theoretically should overcome? I know there are no data, but it's just a thought. Also, the data you showed on the 30% pneumatic trigger: was that just neonates?
Kacmarek:
No, there are similar data in adults. Remember, with PAV, depending on the company, if the machine has the capability of reassessing lung mechanics every 5-15 breaths, it can adjust to changing airways resistance and apply higher airway pressure. You also must indicate the size of the endotracheal tube.
Epstein: I'm thinking about triggering: not just the delivery of pressure.
Parthasarathy: Are there any data from patients with unilateral diaphragmatic paralysis on NAVA? Patients with unilateral diaphragmatic paralysis seem to be common in long-term acute-care facilities.
Kacmarek: I did not come across any data, but as long as one diaphragm was firing and you could measure the EMG, I would think it would work. But that's speculation. I've used NAVA on myself, and I've seen it used in other institutions, but we have not used NAVA at Massachusetts General Hospital, so I don't have substantial personal experience.
Parthasarathy: So that might be a limitation with folks with bilateral diaphragmatic paralysis. The other thing that I notice in the ICU nowadays is that everybody has 2 tubes: a Dobhoff and a nasogastric tube. The nasogastric tube is to decompress the stomach, and the Dobhoff tube is directed into the ileum for feeding. 
Those function as a standard nasogastric tube. They do have a lumen so they can be used as a nasogastric tube.
Younes: Do you know how NAVA deals with non-respiratory activity of the diaphragm. The diaphragm muscle contributes to several activities, including vomiting and coughing. How does NAVA respond to that?
I don't know, but I assume just like conventional ventilation modes. I have seen examples of hiccupping causing a bizarre breath.
Younes:
But how about vomiting, for example, where the diaphragm is contracting violently to get the food out?
Kacmarek: I don't know. I know it has an algorithm to deal with the heart rate, but I don't know how it deals with something like vomiting. Kacmarek: They were all shortterm: hours to days. None of the NAVA studies lasted for more than a few hours. With PAV, application was considerably longer in many studies, particularly with NIV [noninvasive ventilation]. In critically ill intubated patients the longest reported application of PAV was 2 days.
Kallet:
You talked about the advantages of NAVA over PAV with someone with COPD. It occurred to me, if you have someone with COPD who's in distress and you're triggering the ventilator off the neural signal, as they become more hyperinflated, then I can see a possible runaway until their lungs explode. At least with pressure triggering, at a certain point the threshold load is so great that you can't trigger, whereas with this I can just see the lungs getting bigger and bigger. Kacmarek: There should be no difference with PAV or NAVA. Remember, neither of these modes forces a ventilatory pattern; the patient chooses the V T [tidal volume]. If their V T before applying NAVA or PAV is 300 mL, it shouldn't change when NAVA or PAV is applied: it should simply require less work. It doesn't change the V T or the respiratory rate: it simply makes it easier to breathe at the patient's desired V T and rate.
Kallet: Right, but my point is that if the gain is based on the strength of contraction-talking about a patient who gets in distress-the stronger the contraction, then the more support it gives, and if the person is more and more hyperinflated and the brain is driving the muscle to contract…
Kacmarek: But what's driving the muscle to contract? The amount of effort it has to produce in order to move a volume.
And also other inputs: if they're retaining CO 2 , if their blood pressure is dropping, or if they have dyspnea. It's a complex thing. I could just see that you could get runaway. The ventilator is still driven by a neural signal, even if the diaphragm can't generate any force. The other thing is that as the diaphragm is becoming flattened, you might lose the signal: that might take care of it. It's complicated. The fact that it's neurally triggered doesn't necessarily make this.
Kacmarek: All I can say is that in every report on PAV or NAVA so far, no patient with COPD has exploded.
Kallet: But that's with 30-minute or 4-hour trial periods. I'm not exactly impressed by that endorsement.
Kacmarek:
That's not true. We have used PAV for weeks in patients with severe COPD exacerbations. The phenomenon you mentioned has never been described in the literature, nor have we observed it.
Younes: In partial support of what
Rich is saying, people with severe COPD when they exercise-in other words when their respiratory drive goes up a lot-their FRC [functional residual capacity] goes up, and that is the mechanism of exercise limitation in patients with severe COPD. The brain keeps activating the diaphragm, but there's no time to exhale. That is without any additional support. So if there's something on the outside that just keeps pushing on top of that, then there may be a problem of barotrauma. Whether that can happen in an ICU setting is something else, but the brain is not smart enough in these people to know to stop increasing the diaphragm activation when the drive goes up.
Epstein: So this would be the one instance where asynchrony is good?
Younes: Yes.
Parthasarathy: But is it also not true that this was a conceptual model that Rolf Hubmayr proposed of maximal flow versus lung volume? Eventually you'll be pushed to a lung volume where your V max reaches a point where the patient would be able to exhale, which is what we're doing with every patient with COPD. The reason they're able to still ventilate on the ventilator is that we're pushing them on a better point on their V max -to-EELV [end-expiratory lung volume] relationship.
Kacmarek:
We just don't see this happening when we ventilate patients, whether we ventilate invasively or noninvasively, regardless of mode. It just doesn't happen.
Parthasarathy:
The problem is that we're not able to accurately measure EELV in our ICU patients.
Kacmarek: Sure.
Parthasarathy: In our weaning trials what we noticed was that in every COPD patient, if we indexed their P es [esophageal pressure] tracing as a poor man's measure of EELV, anyone who's been disconnected immediately their end-expiratory P es data point drops, so the lung volume drops almost instantaneously and we've had difficulty publishing it, because it's the poor man's estimation of EELV.
Kacmarek: Did they all drop in association with a change in minute volume? I would expect, in many patients, that when ventilatory support is discontinued, overall minute ventilation also decreases, which I expect decreases auto-PEEP.
Parthasarathy: I don't know about the minute ventilation, but it was uncanny how-we have some data suggesting that the ones who are successfully liberated drop their endexpiratory P es more rapidly than the ones who drop it more slowly, but then their P es actually goes up, because it's a also function of abdominal muscle activity. That's why when Amal Jubran published her data 1, 2 showing where end-expiratory P es is going, it's extremely likely that some of that is dynamic hyperinflation. But there was an initial instantaneous momentary drop in P es in the first minute, and that was different between weaning failures and weaning successes. It's such a difficult measure to interpret and publish as an expression of lung volume. We don't have an accurate, reliable, reproducible, instantaneous measure of EELV in ventilated patients. Parthasarathy: But those are spontaneously breathing patients.
Younes: But you can still get the pressure/volume curve at different V T , and then you know the plateau pressure at that volume, and then you subtract the V T from it. That gives you the end-expiratory volume.
Branson: I don't have that much experience because surgical patients don't do very well on NIV, but all the problems of triggering and cycling with NIV would seem to make NAVA the perfect place. How much better would NAVA have to be than regular ventilation to convince you to put that tube down the patient's nose before you start NIV? It would be invasive monitoring with NIV.
Kacmarek:
It would have to at least decrease the intubation rate. I assume it would not be easy to use NAVA during NIV. Taking the time to place a nasogastric tube before you start to ventilate would not be easy in many patients in a severe exacerbation. I would have to be convinced that there was a better outcome to go through the cost and effort to place the nasogastric tube to apply NAVA. 
